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Abstract: This paper analyses the impact behavior of Inconel 718 through experimental and numerical
approach. Dierent conical projectiles were tested in order to obtain the ballistic curves and failure
mechanisms. A three-dimensional (3D) numerical model corresponding to the experimental tests was
developed using the Johnson–Cook constitutive model. The experimental data (residual velocities,
global, and local perforation mechanisms) were successfully predicted with the numerical simulations.
The influence of the projectile’s nose angle was found to be important when designing ballistic
protections. The projectile with the narrowest angle, 40, developed a ballistic limit approximately 10
m/s lower than the projectile with a 72 nose. The use of double-nose projectile for the same nose
angle, 72, led to a ballistic limit 12 m/s lower than that obtained for the single nose.
Keywords: Inconel 718; perforation; ballistic limit; numerical simulations; conical projectile
1. Introduction
Applications requiring high mechanical performance at elevated temperatures, such as turbine
and aeroengine components, are commonly based on Ni superalloys. During engine operation, blade
detachment, material defects, fatigue, bird-strike, etc. [1] could cause blade failure. This is a relevant
threat involving impact of fragments on vital structures of the plane, such as the fuselage, fuel tank,
and other critical parts, compromising the security of the plane. The casing impact-protective capacity
against fragments due to internal component failure has become a relevant requirement for aerospace
industry, being a complex problem due to the interactions of numerous engine components.
The analysis of perforation mechanisms is required for the design of the containment of the
aero-engine casing. The impact behavior on metals have been widely studied in the literature [2–9].
The important role of the type of projectile and the mechanical properties of materials has been
demonstrated. The stress state achieved at the plate during impact is strongly dependent on the
projectile nose-shape, and its eect varies with the plate thickness, and the relative value to projectile
diameter, the impact velocity and the projectile geometry (nose angle and diameter).
Turbine components are commonly based on nickel superalloys such as Inconel 718 because of
high temperatures involved during engine operation. However, the ballistic behavior on Inconel 718
has not been suciently analysed [10–12]. Pereira and Lerch [10] analysed the eects of heat treated
Inconel 718 on impact behavior and failure mechanism. They used cylindrical projectiles impacting
within range of 150–300 m/s, the best behavior under impact was found in the case of annealed material.
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Di Sciuva et al. [11] carried out experimental tests at both low and high velocity impact velocities
using a single projectile. Erice et al. [12] performed ballistic impact tests at three dierent temperatures
(25 C, 400 C, and 700 C) with a 5.55 mm diameter spherical steel projectile obtain good predictions
with the numerical model developed.
Despite the interest of several authors in the ballistic performance of Inconel 718, the studies are
still limited. The present paper focuses on the perforation process of Inconel 718 plates subjected to a
non-deformable conical projectile impact. In this work, experimental tests are carried out with three
nose-shape geometries, and subsequently, the influence of the variation of the angle and nose geometry
is analysed using also numerical simulations of the perforation process. The presented experimental
ballistic curves for Inconel 718 could be considered interesting for the design and optimisation of the
containment of the aero-engine casing.
2. Experimental Procedures
2.1. Material Description
The material used in this work, Inconel 718, is a nickel superalloy with high yield stress and
tensile resistance at temperatures up to 700 C. In order to improve the mechanical properties, the
material was subjected to heat treatment. The chemical composition is presented in Table 1 [13].
Table 1. Chemical composition of the Inconel 718 (% of wt.) [13].
Element Ni Cr Fe Nb Mo Ti Al Co Si Cu Mn C
% 53.02 18.49 18.12 5.40 3.06 0.96 0.55 0.10 0.06 0.05 0.06 0.03
2.2. Impact Test Description
The experimental setup, used also in previous works of the authors [7–9], is depicted in Figure 1.
It consists of a gas-gun to impel the projectile, two laser sensors to determine the impact and residual
velocities of the projectile, a plate fixing system, and a projectile braking device. The velocity sensors
have an accuracy of 1 m/s approx. The fixation system, Figure 2, allows the attachment of the contour
of the plates 1.6 mm thickness Inconel 718 plates allowing an eective impact area of 100  100 mm2.
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Once the plates were impacted, local and global deformations were analyzed by means of a 
surface scanner (HP 3D Structured Light Scanner Pro S3, GRAFINTA, Madrid, Spain) with 0.05 mm 
maximum resolution. This device is based on two cameras that obtain the final geometry of the test 
and allow further measurement of the deflection of the tested plates. 
2.3. Experimental Results 
Experimental tests are analyzed in terms of ballistic curves, energy absorbed by the plate and 
local failure mechanisms for the three types of projectiles considered. 
2.3.1. Ballistic Curves 
The residual velocity, 𝑉௥, versus the impact velocity, 𝑉଴, is showed in Figure 4 for the different 
projectiles analysed. The ballistic limits of the 72° nose projectile, 𝑉௕௟ ൎ 118.5 𝑚/𝑠, is slightly greater 
than that corresponding to the 40° nose projectile, 𝑉௕௟ ൎ 105.8 𝑚/𝑠, and the double-nose projectile 
Figure 2. Geometry and dimensions of the target.
The used gas-gun barrel is approximately 13 mm and the projectiles have a similar diameter in
order to avoi the use of sabots and to ensure the perpe icularity of the impact. The projectiles are
made of high strength steel and heat treated in such a way that they are considered non-deformable
projectiles since the yield stress is more than 1.5 GPa. Three dierent nose-shape projectiles have been
used in this work: 40, 72 and special double-ended geometry; and have been already studied in other
works in the literature [14,15]. The geometry and dimensions of projectiles are illustrated in Figure 3.
In order to ensure that the tests have equivalent impact energy, all projectiles have a mass close to 30 g.
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Once the plates were impacted, local and global deformations were analyzed by means of a
surface scanner (HP 3D Structured Light Scanner Pro S3, GRAFINTA, Madrid, Spain) with 0.05 mm
maximum resolution. This device is based on two cameras that obtain the final geometry of the test
and allow further measurement of the deflection of the tested plates.
2.3. Experimental Results
Experimental tests are analyzed in terms of ballistic curves, energy absorbed by the plate and
local failure mechanisms for the three types of projectiles considered.
2.3.1. Ballistic Curves
The residual velocity, Vr, versus the impact velocity, V0, is showed in Figure 4 for the dierent
projectiles analysed. The ballistic limits of the 72 nose projectile, Vbl  118.5 m/s, is slightly greater
than that corresponding to the 40 nose projectile, Vbl  105.8 m/s, and the double-nose projectile
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Vbl  106.2 m/s. The experimental results, presented in Figure 4, have been fitted to the Lambert and
Jonas [16] expression:
Vr =

V0  Vbl
1/
, V0 > Vbl, (1)
where  is a fitting parameter. For the dierent analysed geometries, it was determined to be
 = 2.15 0.08 for 72 nose projectile,  = 2.18 0.02 for 40 nose projectile, and  = 1.77 0.05 for
double-nose projectile.
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2.3.3. Experimental Observations
The absorbed energy during the dierent nose-shaped projectile impact, is related to the dierent
deformation and failure modes observed in Figure 6. In all cases, main failure mechanism was petalling,
where the number of petals changed with velocity and projectile geometry. The relation between the
failure-strain achieved and the stress-strain state induced by the projectile shape agrees with other
author observations [14].
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3. Numerical Simulations
3.1. Numerical Model Description
The impact problem presented were numerically modelled using the finite element commercial
code ABAQUS 6.14/Explicit [17].
The mesh of the specimen, see Figure 7, has 264,100 nodes and 242,500 eight-node hexahedral
elements with one integration point (C3D8R in ABAQUS notation) [17], distributed in three zones
with dierent refinement:
 Zone A: the plate zone closes to the impact location. Requires the finest mesh, and its size is
related to the radius of the projectile (34,900 elements).
 Zone B: is the transition region between the impact zone (zone A) and the surrounding zone (zone
C) (44,500 el m nts).
 Zone C: represents a zone far from the impact point, where the boundary conditions are applied.
It can be modelled with a coarse mesh (163,150 elements).
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Folowingtherecommendationofotherauthors[18],12elementswereconsideredthroughthe
specimenthicknessinthediﬀerentzones.
Regardingtheusedprojectiles,theyaremodeledaccordingtothegeometrypresentedinFigure3.
Afterimpacttests,noplasticdeformationwasobservedontheprojectile,thusitisassumedto
behaveasarigidbody.Thissimpliﬁcationreducesthecomputationalcostrequired.Inthecontact
betweentheprojectileandthespecimen,africtioncoeﬃcientof0.1isconsideredasproposedbyother
authors[8,18–21].
3.1.1.MechanicalBehaviorofInconel718
ThethermomechanicalbehaviorofInconel718atdiﬀerentstrainratesandtemperatureswas
describedusingtheJohnson–Cook(JC)model[22].Thisconstitutiveequation,Equation(3),consistsof
threeindependenttermsaccountingforthesensitivitytostrainhardeningduetoplasticdeformation,
εp,(ﬁrsttermoftheequation);thesensitivitytostrainratesensitivity,.εp,(secondterm)andthe
sensitivitytotemperature(thirdterm).
σ(εp,.εp,T)=A+B(εp)n
1+Cln

.εp
.ε0

[1−Θm], (3)
whereΘisadimensionlessparameterdeﬁnedbythecurrenttemperatureT,themeltingtemperature
Tm,andareferencetemperatureT0as:
Θ= T−T0Tm−T0. (4)
Table2summarizesthevaluesoftheparametersdescribedinEquations(2)and(3),see[23].
Theinitialtemperature(T0)wasdeﬁnedas20◦CandthemeltingtemperatureTmas1300◦C.
Table2.PropertiesofInconel718andJohnson–Cook(JC)parametersobtainedfrom[23].
Elasticity ThermoviscoplasticBehaviour
E(GPa) ν(−) A(MPa) B(MPa) n(−) .ε0(s1) C(−) m(−)
217 0.3 790 610 0.23 0.011 0.01 3.28
Otherphysicalconstants
ρkg/m3 β(−) T0(◦C) Tm(◦C)
8200 0.9 20 1300
Theprocessisassumedtobeadiabaticduetothereducedtimeforheattransmissionoutofthe
generationzone.Taylor–Quinneycoeﬃcient(β),thepercentageofplasticworkconvertedintoheat,is
assumedtobeequalto0.9[24–26].TheincreaseoftemperatureisgiveninEquation(5)depending
alsoonthedensityofthematerial(ρ)andthespeciﬁcheatatconstantpressure(Cp).
∆Tεp,.εp,T = βρCp
εp
εe
σεp,.εp,Tdεp (5)
3.1.2.FailureBehaviorofInconel718
Theproposedfailurebehavior,basedon[22],considersthedependenceofthecriticalfailure
deformationonplasticstrainεp,strainrate.εp,temperatureT,andstresstriaxialityη.Thedamage
evolutionparameterinanelement,D,folowsthenextequation:
D= ∆ε
p
εf(η,
.εp,T)
, (6)
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where D ranges from 0 (for an intact element) to 1 (for completely damaged element), D"p is the
increment of accumulated plastic strain in an integration cycle, and " f is the critical failure strain
defined as:
" f (,
.
",T) =

D1 +D2e
(D3)
p


26666641+D4 log
.
"
p
.
"0
3777775"1+D5 T   T0Tmelt   T0
#
, (7)
being Di the failure constants for the material modelled. Table 3 shows the values used in this case.
Table 3. JC failure parameters for Inconel 718.
Parameter INCONEL 718
D1 0.035
D2 0.65
D3  1.45
D4 0.04
D5 0.89
3.2. Numerical and Experimental Data Comparison
The experimental ballistic curves are compared with the numerical predictions in Figure 8,
showing good correlation. The ballistic limit (Vbl) is almost the same 118.5 m/s for experimental tests
and 117.7 m/s for numerical simulations.
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4. Discussion 
This paper analyses the influence of different nose-shaped projectiles (40° conical, 72° conical, 
and double-nose conical) in the ballistic behavior of 1.6 mm thickness Inconel 718 plates. From the 
previous analysis developed, the following points can be remarked. 
4.1. Ballistic Limit 
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4. Discussion
This paper analyses the influence of dierent nose-shaped projectiles (40 conical, 72 conical,
and double-nose conical) in the ballistic behavior of 1.6 mm thickness Inconel 718 plates. From the
previous analysis developed, the following points can be remarked.
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4.1. Ballistic Limit
The experiments presented show that the ballistic limit is strongly dependent on the configuration
of the projectile nose-shape. This observation agrees with theoretical, numerical, and experimental
conclusions achieved in other works [2,8,9,21].
Figure 9 shows the ballistic limit versus the projectile geometry. For the simple conical geometries,
the ballistic limit increases with the nose angle of the projectile. This is generally observed in most
metals although it has been shown that there may be exceptions due to the influence of the triaxiality
and the Lode parameter on plasticity and failure strain [8,27,28].
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For the case of 72, the double-nose plays an important role because it reduces the perforation
resistance of the plate by 10% (Vbl  118 m/s for simple conical projectile and Vbl  106 m/s for
double-nose projectile).
4.2. Perforation Mechanisms
The experimental permanent deflection of the specimen has been obtained from the use of a
superficial scanner. Once scanned, the deflection in the middle plane of the plate has been obtained
and compared with the numerical values. Figure 10 presents experimental and numerical post-mortem
deflection in plates subjected to two impact velocities: one near the ballistic limit and the other far
from ballistic (174 m/s). Note that the curve has been normalized according to the thickness in the Y
axis and according to the length of the plate in the X axis. The following conclusions were obtained
from this analysis:
 Maximum deflection is obtained close to the ballistic limit. This conclusion agrees with the
observations in other metals [7,9].
 A greater projectile nose angle produces larger permanent deformations since more contact surface
is involved.
 Numerical predictions follow the trend of experimental data. It is observed that at hig er velocities,
the damage is more localized, although n merically there are sm ll dierences. However, at low
velocities, the model correctly predicts bending. Regarding the maximum defl ction values, it is
dicult to obtain that value due to the petalling eect.
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Figure 10. Dimensionless post-mortem deflection vs. the normalized target length for: (a) 40 conical
projectile at V0  96 m/s; (b) 40 conical projectile at V0  174 m/s; (c) 72 conical projectile at V0 
108 m/s; (d) 72 conical projectile at V0  174 m/s; (e) double-nose projectile at V0  103 m/s; and (f)
double-nose projectile at V0  174 m/s.
The number of petal is related o the nose-angle of the proj ctile, Figure 11. Th lower the
os angle, the greater the number of petals fo the range of impact velocitie considered. Howev r,
the i fluence of the double no e is negligible compared to the 72 projectile. In a d tion, for all
configurations i , an increase in the number of petals wi h velocity is observed. This observation
agrees with the resul s found by other researchers [14].
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5. Conclusions
This paper analyses the influence of the projectile geometry (nose shape) on the ballistic
performance of Inconel 718 plates from the experimental and numerical point. From the experimental
testing, ballistic curves, failure mechanisms, and absorbed energy by the plate were determined at
velocities up to 200 m/s for the dierent nose-shapes considered. It is found that the ballistic limit and
the failure mode of the target are strongly dependent on the projectile nose shape. The projectile with
the smallest nose angle is the most damaging (lower ballistic limit) and produces the least deflection
and the greatest number of petals. The influence of the double-nose projectile results in reduced ballistic
limit when compared to the single nose projectile and a similar deflection and number of petals.
On the other hand, the impact problem has been modelled by means of the finite element method
implemented in ABAQUS/Explicit. The proposed model allowed one to calculate the ballistic curves for
the dierent projectile geometries and to estimate the failure mode and global deflection of the specimen.
The numerical results obtained were successfully compared with the experimental observations and
the accuracy of the model was demonstrated.
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